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Abstract
It is suggested that the recently reported charged charmoniumlike resonance Zc(4100)
and the previously observed Zc(4200) are two states of hadrocharmonium, related by
the charm quark spin symmetry in the same way as the lowest charmonium states ηc
and J/ψ. Namely, the Zc(4100) is (dominantly) the ηc embedded in an light-quark
excitation with quantum numbers of a pion, while the Zc(4200) is a similar four quark
state containing J/ψ instead of ηc. It is argued that this picture suggests certain rela-
tions between the properties of the two exotic resonances and a distinctive pattern of
their decays that can be tested experimentally. It is also pointed out that due to the
presence of a spatially compact cc¯ charmonium the discussed exotic Zc states may be
produced as resonances in the s channel in p¯p annihilation.
The charged charmoniumlike resonance Zc(4100) most recently reported [1] in the channel
ηcπ in the decays B
0 → Zc(4100)
−K+ → ηcπ
−K+ is the latest addition to the growing set of
intriguing exotic states observed at the onset of the charm-anticharm and bottom-antibottom
open flavor thresholds. These exotic states necessarily contain a light quark and antiquark
pair in addition to a heavy quark and antiquark, e.g. the quark content of the Zc(4100)
−
has to be cc¯du¯. The existing theoretical approaches to description of such four quark states
concentrate on finding some simplification in the cases where the multiquark dynamics can
be approximated by dominant two-body correlations. (Recent reviews of the experimental
data and of the theoretical approaches can be found in Refs. [2, 3] and [4].) It is quite natural
to expect that such dominant correlations are likely to be different in different resonances.
In particular, some exotic resonances that are very close in mass to a threshold for a heavy
meson and antimeson can be considered as ‘molecules’ [5], i.e. as dominated by the mesons
moving at relatively large distances. This picture is likely applicable to the Zb(10610) and
Zb(10650) bottomoniumlike resonances [6] and to the Zc(3900) [7] and Zc(4020)[8] in the
charmoniumlike sector. Other exotic states with mass not being particularly close to any
heavy meson pair threshold may fall into a somewhat different category. Namely, they
may have the structure of ‘hadroquarkonium’ [9, 10], i.e. of a specific state of a heavy
quarkonium bound, by a gluon analog of van der Waals interaction, inside an excited state
of light-quark matter. The embedded heavy quarkonium state is only slightly deformed by
the coupling to the light matter and dominates in the decays of the hadroquarkonium, where
the light hadronic excitation produces one or more light hadrons. Such structure would then
explain the observed property of some resonances to dominantly decay into a specific state of
heavy quarkonium and not the others, e.g. Zc(4430)→ ψ(2S)π [11], as well as an apparent
suppression of the decay of such resonances into heavy meson pairs with open flavor[12]. The
purpose of the present paper is to point out that the most recently found resonance Zc(4100)
and the previously observed one Zc(4200) [13] are likely two states of hadrocharmonium and
are related to each other in that they have the same ‘hosting’ excited light matter state,
and the embedded charmonium states are the heavy quark spin symmetry (HQSS) partners:
respectively ηc and J/ψ.
Indeed, the Zc(4100) resonance decays to ηcπ and its preferred by the data [1] quantum
numbers are JP = 0+, which are most appropriate for an S wave resonance made from ηc
embedded in an excited light hadronic state X with quantum numbers of a pion JP = 0−.
The de-excitation of the stateX results in emission of the pion and the ηc becoming unbound.
Within the HQSS limit the S wave binding of the J/ψ with the same state X should then
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also exist and make a resonance with the quntum numbers JP = 1+ and with mass heavier
than Zc(4100) by the J/ψ − ηc mass splitting, i.e. by approximately 113MeV. A brief
examination of the data on Zc(4200) strongly suggests that this is indeed the HQSS partner
of the Zc(4100). Namely, J
P = 1+ are the preferred by the data [13] quantum numbers for
the heavier resonance and the masses are measured as: M [Zc(4100)] =
(
4096± 20+18
−22
)
MeV
and M [Zc(4200)] =
(
4196+31+17
−29−13
)
MeV. Furthermore, the width of the dominant decays
Zc(4100) → ηcπ and Zc(4200) → J/ψπ should be the the same in the HQSS limit. The
experimental fits for the total widths, Γ[Zc(4100)] =
(
152± 58+60
−35
)
MeV and Γ[Zc(4200)] =(
370+70+70
−70−132
)
MeV, at least do not contradict this prediction, although, admittedly, with a
considerable uncertainty. In what follows it will be assumed that the spin-parity quantum
numbers of the discussed resonances are the ones preferred by the experiments: 0+ for the
Zc(4100) and 1
+ for Zc(4200).
Moreover, the production characteristics in the B meson decays for the two exotic res-
onances appear to be quite similar: B[B0 → Zc(4100)
−K+] ≈ 1.9 × 10−5 and B[B0 →
Zc(4200)
−K+] ≈ 2.2 × 10−5. Only the central values for the data are quoted here while
sizable experimental errors, arising from a number of sources, can be found in the original
papers [1] and [13]. In this case, again modulo a considerable uncertainty, the relative yield of
both resonances is in line with the relative yield of ηc and J/ψ in the decays B → ηcπK and
B → J/ψπK. Such behavior is the one that is to be expected in the discussed hadrocharmo-
nium picture with factorization of the production process: the spatially compact charmonium
states ηc or J/ψ are produced at short distances from the cc¯ pair emerging in the weak B
decay and then at longer distances the charmonium is captured into hadrocharmonium. It
should be noted however, that generally the relative yield of ηc and J/ψ can vary over the
phase space, and an accurate similarity of the relative yield of the Zc(4100) and Zc(4200) res-
onances to that of ηc and J/ψ should be expected only in comparison with the non-resonant
background of ηcπ and J/ψπ around the same invariant mass as the resonances. Indeed, in
this region the rate of capture of charmonium to the bound state should not depend on the
heavy quark spin (due to HQSS), so that one can estimate
B[B0 → Zc(4100)
−K+]
B[B0 → Zc(4200)−K+]
≈
B[B0 → ηcπ
−K+]
B[B0 → J/ψπ−K+]
∣∣∣∣∣
M(cc¯pi)≈M(Zc)
. (1)
It can be also pointed out that in absolute terms the yield of both discussed Zc resonances
in the hard processes of B decays is not very small, and is certainly much larger than one
would expect [14] for a ‘molecular’ state. This behavior indicates that the heavy cc¯ pair
in these resonances is at sufficiently short distances to have a significant overlap with the
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short-distance state of this pair produced in the weak B decays. Based on this property it
can be expected that the Zc(4100) and Zc(4200) resonances can be produced at a measurable
rate not only in the B decays, but also in high-energy proton-proton and proton-antiproton
collisions, similarly to the known production of the X(3872) charmoniumlike resonance 1.
The large width of the discussed Zc resonances may present a considerable challenge for
separating them from background in high energy hadronic collisions, unlike in the case of
very narrow X(3872). This difficulty however may be somewhat relaxed if the discussed
resonances are produced in a lower-energy formation type setting, e.g. their neutral isotopic
partners can be produced by formation in p¯p collisions, p¯p → Z0c , in the future PANDA
experiment [15], although at present it appears impossible to estimate the formation cross
section.
The similarity of the Zc(4100) and Zc(4200) resonances in the discussed hadrocharmo-
nium picture is based on the HQSS similarity between ηc and J/ψ. However effects of viola-
tion of the spin symmetry are to be expected, especially for the charmed quarks, whose mass
is not very large as compared to ΛQCD. A typical scale of HQSS violation in charmonium
can be estimated as being in the ballpark of O(0.1) (in the rate) from the observed relative
rate of the HQSS violating and conserving decays: ψ(2S) → J/ψη and ψ(2S) → J/ψππ.
In the discussed Zc resonances an obvious effect of HQSS breaking would be a presence of
sub-dominant ‘cross’ decays: Zc(4100) → J/ψρ and Zc(4200) → ηcρ. Both decays are S
wave processes and can be induced by the M1 term in the Hamiltonian H for QCD multi-
pole expansion [16, 17, 9], describing the interaction of the chromomagnetic moments of the
charmed quark and antiquark with the chromomagnetic gluon field Ba:
HM1 = −
1
2mc
ξa
(
~∆ · ~Ba
)
, (2)
where ξa = ta1 − t
a
2 is the difference of the color generators acting on the heavy quark and
the antiquark, and ~∆ = ~s1 − ~s2 is a similar difference of the spin operators. The operator
∆ describes the spin-flip amplitude for transition between the 1S0 (ηc) and
3S1 (J/ψ) spin
states of the cc¯ pair, which amplitude obviously has the same strength in either direction.
One thus readily concludes that the leading HQSS breaking term (2) gives rise to S wave
amplitudes of the decays Zc(4100) → J/ψρ and Zc(4200) → ηcρ being proportional to the
1In theX(3872) a presence of a hard cc¯ pair is likely due to mixing with pure 3P1 charmonium (a discussion
can be found e.g. in the review [9]) Clearly, such mixing is impossible for the charged Zc resonances, however
a spatially compact cc¯ pair is present in the embedded charmonium.
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same constant C:
A[Zc(4100)→ J/ψρ] = C (~ψ · ~ρ) ; A[Zc(4200)→ ηcρ] = C (~Z · ~ρ) , (3)
where ~ρ, ~ψ and ~Z are the polarization amplitudes of respectively ρ J/ψ and Zc(4200). Using
the expressions in Eq. (3) one readily gets the relation between the decay rates:
Γ[Zc(4100)→ J/ψρ] ≈ 3 Γ[Zc(4200)→ ηcρ] , (4)
modulo a slight difference in the phase space, whose effect in these S wave processes should
be rather small. Given the overall strength of HQSS breaking in charmonium, the branching
fractions for these decays should be from several percent to a few tens percent.
The dominance of a specific charmonium state in decays of hadrocharmonium is not
expected to be absolute, so that other heavy states can be produced in some fraction of the
decays [9, 10]. For the discussed Zc resonances this implies that some sub-dominant fraction
of their decays should also go into channels with orbitally or radially excited charmonium.
For the radial excitation one should thus expect existence of the decays Zc(4100)→ ηc(2S)π
and Zc(4200)→ ψ(2S)π. Although it is not possible to reliably estimate the absolute rates
of these processes, in the HQSS limit the rates should be the same:
Γ[Zc(4100)→ ηc(2S)π] ≈ Γ[Zc(4200)→ ψ(2S)π] . (5)
For the decays to orbitally excited P -wave charmonium with emission of a single pion
the parity and G-parity conservation leaves open only HQSS breaking decay channels:
Zc(4100)→ χc1π and Zc(4200)→ hcπ, with both being P wave processes. Using, as above,
the form of leading HQSS breaking spin-flip Hamiltonian (2), one readily finds that these
decays are described by the amplitude of the same strength, so that their relative rates can
be estimated as
Γ[Zc(4200)→ hcπ]
Γ[Zc(4100)→ χc1π]
≈
(
p2
p1
)3
≈ 1.5 , (6)
where the kinematical difference in the phase space factor is numerically somewhat important
due to the P -wave emission of the pion. (p1 and p2 are the values of the pion momentum in
the two processes.) It should be also mentioned that the latter rates are likely quite small.
Indeed these decays require both an excitation of the charmonium in the decay and HQSS
breaking. Thus their branching fractions can be expected at the order of one percent.
In summary. The data on the charmoniumlike exotic resonances Zc(4100) [1] and Zc(4200)
[13] invite a suggestion that these are four quark states of the hadrocharmonium type, i.e.
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with respectively charmonium ηc and J/ψ embedded in an S wave inside the same excited
light-quark state X with the quantum numbers of a pion IG(JP ) = 1−(0−). Such structure
reproduces the preferred by the experiments quantum numbers of both resonances. The
embedded charmonium states are related by HQSS, so that the spin symmetry can also
be applied to the Zc resonances, implying that the difference of their mass should be close
to that between J/ψ and ηc and that the widths of their dominant decays, into ηcπ and
J/ψπ respectively, should be the same. The existing data, still with a large uncertainty,
are in agreement with these similarity relations for masses and widths. Furthermore, the
hadrocharmonium picture suggests (due to HQSS) a similarity of the yield of both states
in B decays [Eq.(1)], as well as the very fact of an observable yield of the discussed exotic
resonances in hard processes, such as the B decays and also hadronic collisions. Among the
latter processes it may be possible to search for the formation of the Zc resonances in the s
channel in p¯p collisions of the type planned to be studied in the PANDA experiment. The
HQSS and its breaking by the spin-dependent Hamiltonian (2) result in relations between
subdominant decays of Zc(4100) and Zc(4200) given by Eqs. (5) and (4, 6). Thus the dis-
cussed hadrocharmonium interpretation of the Zc resonances predicts a distinctive pattern
of their dominant and subdominant properties. A test of these predictions in future studies
may thus be instrumental in understanding the multiquark dynamics of exotic hadrons.
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